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R review and i l l u s t r a t i o n  of e l e c t r i c a l  rreasurernerltc for  determination o f  
the bulw parameters i n  s i l i c o n  solar c e l l s  i s  given. The presentation 
concentrates on t rans ien t  and ma! 1-signal admittance nreasuremefits. These 
neasuremwts y ie ld  accurate ana r e l i a b l e  values o f  the base l i fe t in re  and the  
surface recarabinatfon velccity a t  the  back contract without inaccuracies t h a t  
nama?ly  resu l ts  frm electrons and ho?es i n  the  p/n junc t ion  space-charge 
region. This then allows the dg terminat im o f  the  recanbination current  i n  
each cegian of the c e l l ,  hs ae example, current components i n  the emitter, 
?cnz-doped base, h1gh-dapa.I base and j m c t i o r !  space-charge region o f  the aack- 
surface f i e l d  c e l l  are  obtained, Such ap3iysis i s  essentiai i n  determin+og the  
l i a i t s  the  c e l l  efficiency, 
! 
1 r e l a t i v e  importance o f  the base and 'he e n i t t e r  aqd, t h i s ,  the region thGt 
The e f f i c i ency  of state-of-the-art so la r  c e l l s  i s  determined p r imar i l y  by 
the s fno r i t y - ca r r i e r  dCffusion length i n  t k  base o f  the c e l l  and for  sane 
c e l l s  also by the surface recanbination ve loc i ty  a t  the 5ack contact. It i s ,  
thus, very inpor tant  t o  have measurement methods f o r  f a s t  and r e l i a b l e  
determination of these tw parameters. 
Var ious  Irethods are avai lab le a t  the present, sane of  A i c h  were reviewed 
by others [l]. I n  t h i s  presentation we canceotrate on t w o  methods only: 
(1) the  shcrt-ci  rcu i  t -current  decay method [ Z ] ,  and (2)  the m a l  1 -signal - 
admittance methods [3-53. It w i l l  be demonstrated tha t  these two approaches 
y i e l d  r e l i a b l e  resu l ts  d i r e c t l y  from the data without any adjustab?e parameters 
which are usually taken from the l i t e r a t u r e  when using scars other techniques. 
m e  mthods also a l l o w  tSte determination o f  the  r e l a t i v e  importance of the base 
and the emi t ter  regicns of  the ce l l s .  
. 
T 
\ *.' 
11, SNORT-CIRCUIT CURRENT DECAY (SCCO) 
This  i s  a r e l a t i v e l y  new mthod described i n  de ta i l  i n  [Z ] .  Ue w i l l  
d e x r i b e  i t  here only b7ief l .y. A solar c e l l  i s  forward-biased wi th  voltage V 
causing forward current I f .  A t  time t=O, the cell i s  shor t -c i rcu i ted through a 
f a s t  and very 1 m  resistance HOS t rans is to r ,  by applying a voitage pdlse t o  the 
t 
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i gate, see Fig, l ( a ) .  The current t rans ien t  measured across a small r e s i s t o r  R 
i s  displayed on an oscil loscope. The current t rans ien t  can be expressed as an 
i n f  i ni t e  ser ies o f  exponent i a1 decays 
where Tdi i s  the decay constant of the  i - t h  mde and ii(0) i s  the 
and the higher decay nodes can be neglected, The value @f the first-mode 'cd i s  
obtained simply fmm the l a g e i ( t )  vs t plot ,  and the corresponding i ( 0 )  i s  
obtained by extrapolat ing the s t ra igh t  por t ion  o f  the -p lo t  t o  t=O. This 
ext rapolat ion is  necessary p a r t l y  because the  delay t ine constant o f  t he  
n e a s u r e n t  c i r c u i t  prevents accurate measurement inaedi  a te l y  a f t e r  the  c los ing  
o f  the switch. The resu l t i ng  p l o t  i s  scheaat ica l ly  i l l u s t r a t e d  i n  Fig. l(b). 
Figure l ( c )  shows the neasured current decay f o r  a n+/p/p+ back-surface-field 
(BSF) so la r  c e l l  w i th  zd = 6.4 pssec y i  e! d i  ng Ln = 180 p, 
Seff = 1.3 x 10 un/sec. 
I corresponding i n i t i a l  value a t  t=O.  As shorm i n  [2] the f i rst mde  i s  dominant 
3 
The two neasured quant i t ies ,  i ( 0 )  and Td, are both funct ions o f  t he  
minor i ty -car r ie r  base 1 i fe t ime 'c and the e f f e c t i v e  surface recombination 
ve loc i t y  Seff a t  the back contact. Simultaneous so lu t ion  o f  these tm, 
dependencies (see Appendix A) y i e lds  the desired parameters: T and Seff. 
The discharging o f  the excess zlectrons and holes i n  the j unc t i on  space- 
charge-region (SCR) occurs w i th in  a t i m e  of the order o f  -1O' l l  set .  The 
discharging o f  the excess ca r r i e rs  i n  the emi t te r  occurs w i th in  a time about 
equal t o  the emi t ter  l i fetim o r  emi t ter  t r a n s i t  time, both o f  which are much 
smaller than the first-mode 'cd. As a resu l t ,  the SCR and the  e n i t t e r  do not 
a f fec t  the t rans ient  observed on a t i m e  scale about equal t o  'cd. 
This fact i s  m e  o f  the m i n  advantages o f  t h i s  mthod  o f  measurement o f  
the base propert ie< i n  comparison w i th  more conventional t rans ien t  methods, 
such as the cpen- i i r :d i t  v o l t q e  decay (OCVD) and the reverse-step recovery 
(RSR). As discussed i n  d e t a i l  i n  [2], both the OCVD and the RSR methods s u f f e r  
fiwm d i s to r t i ons  caused by the recmbinat ion w i t h i n  the SCR and the emi t te r  
tha t  pe rs i s t  throughout the e n t i r e  decay. 
The s e n s i t i v i t y  of  the SCCO method t o  the bulk l i f e t i m e  and t o  the surface 
recombination ve loc i ty  i s  i l l u s t r a t e d  i n  Figs. 2(a) and 2(b). These f igures 
shw t ha t  f o r  t h i n  c e l l s  w i th  W << L, the SCCD method i s  very sensi t ive t o  Seff 
but r a t b c p  insens i t i ve  t o  T. For c e l l s  wi th  W >> C, the method i s  very 
sensi t ive t o  T but insens i t i ve  t o  Seff .  This behaviour can be explained by 
rea l iz i r ,g  tha t  i f  W << L, then most of  the minor i ty  ca r r i e rs  recombine a t  tne  
back surface. However, i f  W >> L, then most o f  the recombination occurs i n  the  
bulk. 
G 
t 
% 
In the two l i m i t i n g  cases above, the SCCD technique W i l l  y i e l d  only one o f  
the desired pzrameters, E i ther  L o r  S. I n  order t o  determine the other 
parameter f o r  these two cases, the SCCD measurement has t o  be SiippleWnted by 
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saue other  external cha rc te r i s t i c  of  the ce' l l  dependent on both S dnd L. For 
example, one can use the dark saturat ion current Io o r  the open-circui t  vol tage 
Voc f o r  t h i s  purpose. Both 10 and V, hawever, may be af fected by the  emi t te r  
r e g i m  and the combination o f  SCCO - Io or  SCCD - Voc may give misleading 
resu l t s  for  the  base parameters. 
I n  the  next sect ion we explore m a l l  s ignal  admittance techniques t h a t  are 
sensi t ive p r imar i l y  t o  the base propert ies.  The canbination o f  the SCCO and 
the  admittance techniques gives the base parameters (S, L) for  any c e l l  
regardless o f  the W/C ra t i o .  
Saa:\-signal admittance measurements can be used t o  analyze a var ie ty  o f  
semi conductor devices. We d i  scuss here speci f i c a l  l y  the  appl i cat ions f o r  
analyzing the so lar  ce l l s ,  namely measurement o f  the base L and Seff and the  
separation o f  the emi t te r  and the  base current components. The small-signal 
measurements can be perforned e i the r  a t  low-frequencies (07 << 1) o r  h igh  
frequencies (m >> 1). The choice o f  a p a r t i c u l a r  frequency range will depend 
on the W/L ra t i o .  
Consider a n+!p/p+ BSF solar  c e l l  shown i n  Fig. 3(a!. For a low-frequency 
signal  w i th  an << 1, where T~ i s  the minor i ty -car r ie r  e lect ron l i f e t i m e  i n  the  
p-type base, %der ive the expressioi+ f o r  the  small-signal quasi-neutral base 
and conductance G , respect ive ly  (see equations (B1  and capacitance 
G , , Ln, and Seff. The parameters C 
c$nhnation of (B l )  and (B2) y i e l d s  L, andlYeff. 
LF 
are measured 
(r3) i n  B). Equations (B1fN!nQ,(B2) c o n t f p  four upknowns: C , 
and G~~~ 
It i s  worthwhile t o  discuss i n  more d e t a i l  a few special cases: 
A . l  Long aicde: W > C 
For t h i s  case, ( B i )  and iB2) yielc! a simple expression f o r  
- 
and T,, LF CpNB 
and 
LF 
2Cpm 
'n = F- 
QKB 
The base d i f f us ion  length i s  oblpined eithqr,from (2) o r  frm ( 3 ) .  The de ta i l s  
i 
concerning the deduction o f  CLr 
I 
I  
~ 3 1 .  AS an i l l u s t r a t i v e  examp?!: 
and GLr QNB f ra  the data are d '  cussed i n  
we shod i n  Fig. 3 t he  masured C k i B ( V )  and 
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6 LF ( V )  p l o t s  f o r  the p+/n device with = 1.25 x 10 15 cm- 3 . The analysis 
u p98 ng (3)  or (3 )  gives Lp = 80 m. 
2 A.2 BSF so lar  c e l l :  W 
P P n  n 
I n  t h i s  case, (81) and (621 are solved t o  y i e l d  L dnd Seff. F igure 5 
shows the measured C(V) and G ( V )  dependencizs f o r  a p+/n# BSF solar  c e l l  from 
which we der ive Lp = 500 and Seff = 80 cm/sec. 
The lnethod f a i l s ,  however, f o r  S f f  << 0 W/Ln; i n  t h i s  case GLL = KU /T y ie lds  zn, but Seff cannot be bund .  h o t h e r  l i m i t a t i o n  ex i s t s  
f8r highPva7uc?s o f  Seff >> D,/Wp; i n  t h i s  case both (81) and (82) are 
independent of Ln and Seff. 
The above d i f f i c u l t i e s  with the LF Rethod can be l a rge l y  el iminated by the  
high-f requency approach. 
s Ln, W 0 /L < Seff < (On Up) - 
2 
B. High-frequency Pthod (W) c53 
We t r e a t  the high frequency method for two special cases. 
- 8.1 an > 10 and 0.1 Wp/Ln 5, 1 
The small-signal admittance then i s  
The important conclusion fran (4) i s  t ha t  the uli2 dependence gives the range 
o f  0.1 < W /L < 1 regardl s of the value of Seff. To obta in  che des i rab le 
frequencies t o  obtain an i n t  rcept  wI wi th  
paranetek,' 2 -masure GgNB I!?? vs w f o r  UT > 10 and extrapolate t o  loner  
LF given by (82). This gives QN8 G 
Equation (5) cannot be be solved f o r  L, and Seff except f o r  tho fo1:owing 
cases : 
a! Se f f  < DnUp/Ln 2 < Dn/Wp 
The rnethod i s  i l l u s t r a t e d  i n  Fig. 6 f o r  the  p+!n/n+ so la r  c e l l  o f  F ig .  5. 
fo l lows the u'/' dependence f o r  f > u lo4 Hz with the in te rcept  a t  ax = HF 
GQN 
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(2x!103 l/sec. Using (5) and combining w i th  Seff = 80 cm/sec obtained by the  
LF method, we have L = 503 p, which i s  i n  excel lent  agreement w i th  
Even thwgh  the general so lu t ion  (5) cannot give L and Seff exactly, and 
from (6) o r  fran ( 7 ) ,  the method 
i s  wry us u l  vs u1j2 dependence shows tha t  L > Y; 
t h a t  tho, m i t t e r  con t r ibu t ion  t u  
the conduct%ce (and dark current )  i s  neg l i g ib le  ( t h i s  po in t  i s  discussed 
fur ther  below); (iii) the SS2D for  L > N y i e l d s  an accurate v a l w  o f  Seff on ly  
and using t h i s  value i n  (5) we obta in  an accurate value f o r  L. The combination 
of these two methods gives L and Seff f o r  p r a c t i c a l l y  any c e l l .  
t% YitW cornpent .  i s  GgNE HF xplored o f  the i n  t o t a l  neasured quasi -neutral condtic 
Fig. 7. The time constant zE o f  %NE is(;t!ven by ei',h:PNb Auger l i f e t i m e  
TA i n  the heavi ly  doped m i t i e r ,  o r  by the canbination o f  TA and the  
t r a n s i t  t im [6]. ,Jhe emi t ter  t ime constant i s  much shorter than the base 
l i f e t ime ,  thus H,GQi5HFis+ f$?quency independent up t o  f = 
Figure 7 shows G - f o r  an a r b i t r a r y  choice of  
region f a r  wayQNfrmQN!he g%e can be f i t t e d  t o H e  ne w i th  
G a w1lrn, where m > 2. w i c e ,  however, t h a t  9 f o r  GONE i)I4 i s  c lose t o  the  
in te rcept  value wI for  G = 0. Furthennore, s'vce L a 9 , a H p a l l  
i n  uI gives $y a negl g b l e  e r ro r  i o  L. 
wI = 1.5 wI (GqNE = C),  t h i s  gives an e r r o r  i r ;  L o f  only about 10%. 
= 500 using the  L8method alone. 
LP 
only one of the parameters i s  
(ii) t h e  G '' vs w 
The s e n s i t i v i t y  of the HF method t o  
- 
IFor qN5 %NE = G ~ ~ 9  For example, f o r  
8.2 wrn > 10, W /L 6 0.1 
The condi t ion 
P n  
W /Ln 6 0.1 
- 
may apply f o r  the t h i n  c e l l s  (50 - 100 pn) 
wi th  a very long l i f e t b e .  For t h i s  case we have 
For BSF ce l  Is, Seff c D,/Wp and (8) y ie lds  
Figure 8 shows the  GHF vs w dependence f o r  a 8 pn t h i ck  ep i tax ia l  n-type 
laye r  w i th  doping densi ty%" = 5 x l d 5  cme3. The w2 de endence f o r  f > 1.5 
MHz imnediately gives Lp > 1OW > 80 pn and also Seff < <  w&~/JD, (< 1.2 x l o 3  
cm/sec. More accurate analysis o f  the knee region below the w2 dependence 
gives Seff = 120 cm/sec and using t h i s  value i n  ( B 1 )  gives more accurate 
Note, t ha t  the HF method f o r  L > 10 W gives only thP lower l i v i t  o f  L and 
the upper l i m i t  o f  Seff .  A combination o f  t h i s  technique wi th  e i t h e r  the LF 
nethod o r  the SCCD can give more accurate resul ts .  
Lp 190 pJn. 
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- 8.3 mn - 10 , Wp/Ln - 0.1 
'1' f o r  
Obviously, there as t o  oe an W /Ln 5 0.1 and 
i h e m d i a t e  range f%y Wp/Ln - 0 . f  where G NB a urn ( < m 5 2). One possible 
approach here as t o  obta in  Seff frm th? SCCD method and ther! f i t  the 
theore t ica l  GBN(',f~;nL~ w i th  the experiment. A v e r j  reasonable 
approximation o -rn mado, however. by r e a l i z i n g  tha t  the GaN vs w 
dependence begins t o  increase from i t s  low-frequency value f o r  
= lo/% [SI. Thus, T = lo/?, where W, can be approximated as the  
in te rcept  o f  !he 
HF 
G~~~ a (i For the previ  two special cases we have obtained ?' a u2 f o r  W /Ln 5 0.1 
RF 
l i n e  w#h the extrapolated a urn dependence. " = 
OQN 
It i s  important t o  analyze the contr ibut ions o f  each region o f  the  c e l l  t o  
the t o t a l  dark current (o r  Voc). Such an analysis i s  demonstrated here f o r  a 
n'/p/p+ BSF so lar  c e l l  s h m  i n  Fig. 3(b]. The analysis i s  based on the  
determination o f  the base parameters T, and Seff by one of the  methods 
discussed i n  Section I 1  and 111 .  This i s  s u f f i c i e n t  t o  ca lcu la te  the p r o f i l e  
of  the minor i ty  electrons i n  the base. The recombination losses i n  the base 
are given by ( 8 2 )  and the recombination losses i n  the  p'-BSF por t ion  o f  the  
base are 
The SCR recombination currerlt ISCR can be determined graphica l ly  [7] and the  
emi t ter  con t r ibu t ion  I E  i s  obtained by r e a l i z i n g  tha t  the t o t a l  dark current i s  
For example,such anelysis o f  the p+/n/n+ BSF c e l l  of  Fig. 5 gave [4]: 
L = 500 p, Seff = 80 cm/sec, IB = 0.8 ID, ISCR = 0.2 I,,, IE << ID, 
I B  8 << I D .  
Table I gid2s a summary o f  resu l ts  f o r  a number o f  d i f f e r e n t  ce l l s .  A 
comparison o f  resu l ts  obtained by d i f fe ren t  methods, shown f o r  some c e l l s ,  
demonstrates very good agreement. Notice, i n  pa r t i cu la r ,  the l a s t  c e l l  i n  
Table I, which i s  a t h i n  c e l l  (Wbase - 92 p~)  with Ln - >  WB. For t h i s  c e l l ,  
t he  SCCD method gives but the mthc ~ i s  insens i t i ve  t o  L, 
(see Fig. 2(a)). We have t o  combine the SCCD method w i th  the high-frequency 
Seff  = 180 cm/sec, 
small-signal admittance method and then use ( !  
SCCD method t o  determine Ln. 
The main conclusion o f  t h i s  study i s  t ha t  
s ignal  admittance methods y i e l d  a rap id and re1 
i 
I 
i -''; 
i 
1 with S e f f  obtained from the 
the SCCO method and the small- 
able determination of  the base 
316 
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parmeters. 
base and the emi t ter  regions w i th  regard t o  c e l l  e f f i c iency .  
t he  region l i m i t i n g  the  e f f i c i ency  i s  a key t o  an informed c e l l  design. 
They also al low the  determintion o f  the  r e l a t i v e  importance o f  the  
I d e n t i f i c a t i o n  o f  
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3 .  
To obtain the  base d i f fus ion  length L an3 e f fec t i ve  surface recombination 
ve loc i ty  Seff a t  the back contact we have t o  solve the fo l lowing t i  equations 
f o r  the  first-mode decay [2]: 
WP€#)IX B 
The me1 i -signal quasi-neutral base capacitance and conductance are given 
by i d 1 :  
W D  L U $  _en n p e f f  
( s i n h * f - ) [ A o t e  t S e f f I 2  
- 'effLn . 
L" Dn + 
W D  W 
n Ln n 
W 
Dn c o d  
Lnl 
L o @ +  Seff 
-+  'eff  Ln 
W + T  
Ln Ln 
W n D - +  Se,fcothJ 
Ln 
Ln n Seff 
--LF KDI: Ln 
G~~~ = L, D~ W .  
I 
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Table I :  Surrmary o f  results for  some typ ica l  solar ce l ls .  
The values for LbasS and Sezf were obtained using 
the SSCO method, un ess mar ed otherwise 
CELL Sef* 
(cmlsec) 
n+/p/p+ 
BSF 
10 227 454 
45of 
n+/p/p+ 
BSF 
103 250 2 .9x103 .-L 111 
n+ /PIP+ 10 36 0 512 2x105 
n+/p/p+ 0.15 295 100 --- 
p+/n/n+ 
BSF 
10 320 3c3* 
5170~ 6 O+ 
n+/p/p+ 
BSF 
10 92 d O O *  
* obtained from GHF QN 
LF t obtained from GQN 
318 
.i 
I 
I 
I REFEREWES 
1. J. ti. Reynolds and A. Meulenberg, Jr., J. Appl. Phys., 5, 2582 (1974); 
A. Azim Khan, J. A. Woolam, and A. M. Hermann, Appl. Phys. Comnun., - 2,
17( 1982). 
i 
I  
2. T. W. Jung, F. A. Lindholm, and A. Neugroschel, IEEE Trans. Electron 
Devices , ED-31, 588( 1984). 
3.  A. Neugroschel, P. J. Chen, S. C. Pao, and F. A. Lindholm, IEEE Trans. 
Electron Devices , ED-25, 485( 1978). 
4. A. Neugroscnel , IEEE Trans. Electron Devices, ED-28, 108( 1981). 
5. F. N. Gonzalez, A. Neugroschel, IEEE Trens. Electron Devices, €0-31, 
! 
i 
-I 
1 _-- -1  -1 413( 1984). 
6.  M. A. Shibib, F. A. Lindholm, and F. a e r e z ,  IEEE Trans. Electron DeviLes, -
€0-26, 959( 1979). 
7. A. Neugroschdl, F. 4. Lindholm, and C. T. Sah, IEEE Trans. Electron 
Devices, ED-24, 662( 1977). 
319 
.. 
I 
I 
I Fig .  1. (a )  E lec t ron ic  c i r c u i t  used i n  t h e  SCCD method. The switching time 
I 
i 
I o f  a power MOST i s  less  than 100 nsec. 
I 
(b) Schematic i l l u s t r a t i o n  of  the  current  decay drsplayed on a log 
scale.  
320 
L - -  

* .  
! 
2 .  
D 
i- 
0 
( b )  P lot  o f  T vs S e f f  f o r  a t h i c k  n+/p/p+ 
0.15 am, Wbase = 295 p). 
BSF s o l a r  
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i 
d 
I x-0 
(b) 
Fig .  3 ( a )  
(b)  Q u a l i t a t i v e  sketches of minor i ty -car r ie r  d i s t r i b u t i o n s  i n  t h e  
Schmat ic  diagram of an n+/p/p+ BSF so lar  c e l l .  
! dark. 
i 
323 
- w 3 *  
i 
i 
i J  
' I  
-.- i 
I 
- <  
I 
-. 
" _  a 
y - '  
i 
. I  
v (Volts) 
I I I 1 
0.1 0-2 6.3 Q4 Q5 Q6 0.7 
v (Volts) 
io4 
io3 - 
1022 
IO' 
h 
l A  
0 
Fig. 4 Measured c,ondwAance and ca ac i tance vs forward-bi&s V f o r  a long p+/n 
= 2% p (from Ref. [3]). diode wirh NDD = 1.25 x 10' 8 cmV3 and W t \ a s e  
a -  
Fig. 5 Measured capacitance and conductance vs forward bias f o r  a p+/n/n+ BSF 
14 m-3 = 320 soiar c e l l  (from Ref, [4]) .  Here, NOD = 6 x 10 'base 
cun. 
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Fig. 6. k a s u r e d  high frequency conductance GHF 
so lar  c e l l  of F i g .  5 .  
V = 0.5 V and shows c'/* dependence. 
vs freqency f o r  the  p+.Jn/n+ 
The conductanc!N was measured a t  forward b f a s  
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F i g .  7. P l o t  of a G!F( = G~~~ + G~~~ 
0, 0.5, 1, 3 .  
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! F i g .  8 Frequency dependence o f  high-frequency conductance f o r  a t h i n  (8 pm n - t y p e  e p i t a x i a l  l ayer  (from Ref.  [SI). The conductance f o l l o w s  w 
dependence. 
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DISCUSSIOY 
I 
VOI Poos: You made one Coment I would t o  t a l k  rbout ,  8nd t h a t  was t h e  d i f -  
furioa l e w t h  -- if it is mch lat6er then  t h e  width of t h e  ce l l ,  it can- 
n o t  be measured by any o t h e r  19.116. W o w ,  t h a t  is  n o t  qu!te correct. 
There is another  means t o  do t h r t ,  rad t h a t  is w i t h  the EBIC or 
mpli tude- rodula ted  e l e c t r o n  be-; meoouring t h e  phase s h i f t  w i l l  indeed 
g i v e  you t h e  l i f e t i - ,  and t h e r e f o r e  the diffusion l ength  -- a l s o  i n  t h e  
case where t h e  r a t i o  of width over  d i f f u n i o n  l e n g t h  i s  very small. 
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